Objective-To determine whether fluid replacement after exercise induced dehydration varies over the normal menstrual cycle. Methods-Five subjects, with a regular menstrual cycle lasting 28 (SEM 2) 
Thermoregulation is known to be influenced by menstrual status, and fluid loss during exercise or heat stress may vary at different stages of the menstrual cycle in normal healthy young women.' It is well established that several steroid hormones have an effect on fluid and electrolyte balance, and many women experience fluid retention in the luteal phase of the menstrual cycle: Fong and Kretsch2 reported differences in 24 hour urine output over the cycle in spite of a constant food and fluid intake. These observations raise questions as to whether there is an acute effect of hormonal status on fluid balance, and whether rehydration after exercise induced fluid loss is affected by the stages of the menstrual cycle in normal women.
The effects of providing beverages of different compositions on fluid homeostasis and exercise performance during exercise have been extensively studied,3-5 but there have been few investigations into the replacement of fluid losses after exercise. There is, however, growing evidence that, even though sweat is invariably hypotonic with respect to body fluids, replacement ofvolume losses is crucially dependent on restoration of electrolyte losses."8 The limited number of investigations on postexercise fluid replacement that have been carried out have all used males as subjects. This is at least in part a consequence of the possibility that the steroid hormones which are subject to cyclical variation in women may have an influence on fluid balance, and the wish of investigators to avoid this confounding factor. There are therefore two clear reasons to establish whether or not there is an acute effect of these hormones on fluid balance in the few hours after exercise induced sweat loss. Firstly, the question is in itself of inherent interest; there is a need to know whether these hormones play a physiological role in the maintenance of water and electrolyte balance. Secondly, there may be practical implications for those women engaged in sport or hard physical work in the heat if volume regulation is compromised
The present study was carried out to investigate whether the replacement of volume losses, as estimated by changes in blood and plasma volumes and in cumulative urine output, varies over the normal menstrual cycle. A group of women were investigated following sweat loss induced by exercise in the heat at different stages of their menstrual cycle. Fluid restoration in the postexercise period was monitored after replacement of the losses with a fixed volume of fluid of standardised composition.
Methods
Five healthy female volunteers completed this investigation and their physical characteristics [mean(SD)] were: age 23(2) years, height 164(4) cm, body mass 58-4(4 6) kg, maximum oxygen uptake (VO2max) 42-1(6-8) ml kg-l min-', body mass index 22-2(1-1), and menstrual cycle length 28(4) d. The subjects were all free of any history of major medical problems; all took part occasionally in physical activity on a recreational basis, but none engaged in any form of systematic training at the time of the study. All subjects had a normal menstrual history, all reported regular cycles of constant length which varied in duration between individuals from 23-32 d, and none was taking any steroid contraceptives at the time of the study. The experimental procedures were approved by the joint ethics committee of the University of Aberdeen and Grampian Health Board and subjects were informed of the nature of the investigation before their written consent to participate was obtained.
Preliminary procedures undertaken by each subject before the start of the experiment were determination ofVO2 max and a familiarisation trial. V02 max was determined during an incremental exercise test on a cycle ergometer in order to determine the workload at which each individual would exercise in the heat. The familiarisation trial was identical to the experimental trials in all respects except that measurements were terminated and the subjects left the laboratory 2'/2 hours after the end of the exercise period.
All experimental trials began in the midafternoon, a minimum of 6 h after the last meal: ad libitum water intake was permitted until 3 h before the start of the experiment. No strenuous exercise was undertaken by the subjects before arrival at the laboratory on the days of the experiments, and they were requested to keep the composition of their last meal constant. No instructions were given to individuals as to what they could or could not consume in this meal, with the exception of abstaining from alcohol.
Each subject undertook three experimental trials representing different stages of the menstrual cycle and a fourth trial, repeated at the same stage as the first trial, to serve as a check on the reproducibility of the responses. These corresponded to 2 d before the onset of menses (trial -2), 5 d after the onset of menses (trial 6) and 19 d after the onset of menses (trial 20) . Therefore, trial 6 took place in the mid-follicular phase at the end of menses, trial 20 took place in the mid-luteal phase, and trial -2 in the late luteal phase, shortly before the onset of menses (day 1 of the cycle). These trials took place on the same day of the week, which allowed subjects to standardise their activities in the days preceding each trial and also allowed recovery between trials. Three of the subjects performed trial -2 as their first trial and two performed trial 6 a maximum of six exercise sessions, or sooner if the body mass loss was approaching 2% (the remaining mass was lost with continued perspiration after exercise before the final mass measurement was made), the subject had a shower before measurement of the final body mass; 15 min was allowed for this procedure before the subject had to return to her seat for a further 15 min in preparation for a second blood sample collection. During this time a 21 G butterfly cannula was introduced into a superficial forearm vein. This cannula remained in place for the remainder of the study and allowed blood samples to be obtained without interruption of blood flow: the cannula was kept patent between samples by flushing with heparinised saline after the collection of each sample. After collection of the second urine sample, the rehydration process began and the fluid (a commercially available sports drink: 6-4% carbohydrate, 25 mmol litre-' Na', 3-5 mmol-litre-1 K+, and 12 mmol litre-1 Cl-) was given in a volume (in ml) equal to 1-5 times the mass loss (in g) resulting from the dehydration process. Body mass loss due to substrate oxidation was estimated to be no more than about 90 g, and was ignored for the purposes of this study; all mass loss was therefore assumed to be due to fluid loss. The total volume to be ingested was divided into four equal parts, each of which was consumed over a 15 min period. For effective rehydration, we have previously shown that the volume of fluid consumed must be greater than that lost during dehydration to surmount the ongoing obligatory urine output.9 '°T he subjects remained seated during the final 15 min of the rehydration period and a third blood sample was collected after this time. Immediately following blood sampling, a urine sample was collected as before. Further blood and urine samples were collected 1, 2, 4, and 6 h after the end of the rehydration period and in each case the subject remained seated for a minimum of 15 min before collection of each blood sample. All blood was collected without stasis. For each urine sample the subject emptied her bladder as completely as possible and the entire volume was collected.
ANALYTICAL PROCEDURES Part (2-5 ml) of each blood sample was immediately mixed with anticoagulant (EDTA, 15 mg-ml-') and used for measurement of packed cell volume (by microcentrifugation) in triplicate and haemoglobin concentration (by the cyanmethaemoglobin method) in duplicate. Changes in blood and plasma volume were calculated according to the method of Dill and Costill" using these packed cell volume and haemoglobin measurements and relating all changes to the sample collected 30 min after the end of exercise. The remainder of each blood sample was allowed to clot and the serum separated by centrifugation. Measurements were made of serum osmolality by freezing point depression (Gonotec Osmomat 030 cryoscopic osmometer), sodium and potassium concentrations by flame photometry (Coming clinical flame photometer 410C), and chloride concentration by coulometric titration (Jenway chloride meter).
The total volume of each urine sample was measured and an aliquot retained for estimation of osmolality and electrolyte concentrations using the same methods as for serum analysis.
STATISTICAL ANALYSIS
Data were analysed by two factor analysis of variance (ANOVA) for repeated measures. After testing for normality of distribution, data were subjected to one way ANOVA followed by the Tukey test (normally distributed data) or the Kruskal-Wallis and Mann-Whitney tests (data not normally distributed) where appropriate. Differences were accepted as significant when a P value of less than 0 05 was obtained. Data in text, tables, and figures are expressed as mean(SEM) or median (range) of values as appropriate.
Results
For each subject there was a consistency of duration of the menstrual cycle: all subjects correctly predicted their onset of menstruation and the final trial undertaken occurred at the same time of the cycle relative to the first trial undertaken.
Pre-exercise body mass did not differ at the different menstrual cycle stages (P = 0 999). The mean body mass loss by the dehydration process was 1 8(0 -1)% ofthe pre-exercise nude body mass over all trials and there was no difference in the extent of the dehydration between the three different stages (P = 0A483).
The total exercise time was the same on all trials [54(3)min] and the estimated mean rate of sweating during the dehydration period was 12-8(1-5) g mind1 on trial -2, 11-6(1-7) g-min-1 on tral 6, and 10-7(2-4) g-min-' on trial 20.
There was no difference in the sweat rate at the different menstrual cycle stages (P = 0 737) and no change from week to week over the duration of the experiment (P = 0-941).
The rehydration fluid was given in a volume equivalent to 150% of the mass loss resulting from the dehydration process. The extent of body mass loss for each trial was 1-9% on trial -2, 1-8% on trial 6, and 1-6% on trial 20. Therefore, the volumes of fluid ingested on each trial were 1662(87) ml on trial -2, 1550(77) ml on trial 6, and 1392(108) ml on trial 20. However, due to the small intraindividual variations between trials in the pre-exercise mass and in the mass loss, there were no differences in the extent of dehydration or drink volumes consumed on each of the trials.
URINE VOLUME AND COMPOSITION The cumulative urine output following rehydration was calculated for 6 h after the end of the rehydration period. There was no difference in the total volume excreted over this period at the different menstrual cycle stages (P = 0 164, table 1). On all trials, peak urine production occurred during the hour following the end of the rehydration period and amounted to 230(23) ml over all trials.
Urine osmolality did not differ between trials at any time point (P = 0 794). The osmolality was inversely related to the volume of urine excreted (r=-0-539, P< 0-001; n= 105); osmolality ranged from 950 mmol kg-l when urine volume was small, to 86 mmol kg-' with large urine volumes.
There was no difference between trials in the total amount (mmol) of electrolytes excreted in the urine following rehydration: Na+ From the body mass loss, the volume of fluid ingested, and the volume of urine excreted, net fluid balance was calculated. At the beginning of the study, subjects were considered to be euhydrated (that is, they were in exact fluid balance). On losing fluid either as urine or sweat they become more negatively hydrated, and on gaining fluid by drinking they become more positively hydrated. The percentage of ingested fluid retained (that is, that fraction not lost in urine) was also calculated. There was no difference in the state of net fluid balance between trials (P = 0 564) over the 6 h following the end of the rehydration period (fig 1) , and consequently the percentage of the rehydration fluid which was retained at the end of each trial was not different (P = 0-633, table 2). At the end of the study, 6 h after the end of the rehydration period, subjects were euhydrated on all trials.
BLOOD AND PLASMA CHANGES
The first blood sample after dehydration was collected 30 min after the end of exercise. Between the pre-and postdehydration samples, there was no change in blood (P = 0-818) or plasma (P = 0-517) volume on any trial. Some restoration of these volumes probably occurred between the end of exercise and the collection of the first postexercise sample'. With rehydration, both blood and plasma volumes increased above their starting levels ( figs 2 and 3) . The plasma volume 1 h after the end of the rehydration period was significantly increased above both the pre-and postdehydration levels on all trials. This increased volume was approximately 8-12% greater than initial levels and was maintained for the remainder of the study period. Serum osmolality had a tendency to increase with dehydration (table 3) but did not differ significantly from the pre-exercise value throughout the investigation (P > 0-05). The osmolality recorded at the first sampling point following dehydration was greater than those recorded 2, 4, and 6 h after the end of the rehydration period.
There was no effect of menstrual status on serum electrolyte concentration at any time. Over all trials the serum sodium, potassium, and chloride concentrations before and after exercise were 140 (136-143) and 146 (144-148) mmol-litre-, 4-3 (3-3-5-1) and 4-2 (3-5-5-3) mmol-litre-', and 100 (97-102) and 102 (97-107) mmol-litre-' respectively. The serum sodium concentration following dehydration was greater than the concentrations recorded 1, 2, 4, and 6 h after the end of the rehydration period on all trials, as well as being greater than the predehydration value (table 4). The concentrations recorded 1, 2, 4, and 6 h after the end of the rehydration period did not differ from the pre-exercise values. Serum potassium and chloride concentrations remained essentially the same as the pre-exercise values throughout the study.
CONSISTENCY OF RESPONSES
Each subject underwent four experimental trials: trial -2, trial 6, trial 20, and a repeat of one of these. Trial -2 was repeated by three individuals and trial 6 was repeated by the other two. By studying each individual twice under identical conditions, the consistency of responses could be ascertained and the ability of each of the subjects to correctly predict their cycle length demonstrated.
With duplicate trials, there was no difference in the extent of the dehydration (P = 0-405) and hence volume of fluid consumed. The urine excreted at each time point (P = 0-572), cumulative urine output (P = 0-310), quantity of electrolytes excreted (Na', P = 0-100; K+, P = 0-699; Cl-, P = 0-410), net fluid balance (P = 0-906), and percentage of fluid retained (P = 0-550) showed no differences between duplicate trials. Additionally, none of the blood indices showed any variation between these trials (change in blood volume, P = 0-527; change in plasma volume, P = 0-359; serum osmolality, P = 0-220; serum Na', P = 0-292; serum K+, P = 0-465; serum CL-, P = 0-163). A level of 2% hypohydration was aimed for o in the present study because this has been 08) shown in previous investigations, where the effects of solutions of different composition (0 2) were evaluated, to be an adequate level from '(4 6) which to observe differences in rehydratioñ (68)69 01 '(8-1) effectiveness.6 9 0 '2 There are perhaps also 1(8 0) practical reasons for using such a modest level 
4.
3. (1) 290 (2) 284 (3) Postexercise 288 (1) 295 (2) 288 (1) 0 h 288 (2) 293 (3) 288 (2) 1 h 282 (3) 286 ( *Significantly less than the postexercise value for the corresponding trial (P < 0-05).
predict their cycle length and also enabled post-hoc tests to be performed to establish the statistical power of the study. The mean difference in net water balance at the end of the experimental period between the two corresponding trials was 18(37) ml. With this°d egree of variance for these five subjects, a difference at different stages of the menstrual Hi cycle of 170 ml net fluid balance six hours after the end of the rehydration period would have a 100% chance of being detected, and a difference of 130 ml (the difference between trials -2 and 6 [ fig 1] 30 minutes after the end of exercise, and some restoration of blood volume will have occurred in this period.7 In similar studies with male subjects, however, we have generally found a reduction in blood and plasma volumes when they were dehydrated to the same extent as the females in this study.9 10 In these experiments, the male subjects generally require less time to dehydrate to the same extent and they also exercise at a greater absolute work load. Plasma volume tends to show a rapid decrease in the early stages of exercise, with the extent of the decrease proportional to the exercise intensity, and some recovery of plasma volume generally occurs in the later stages of prolonged exercise. Therefore, possible explanations for the different blood and plasma volume profiles with dehydration are that either distribution of water losses among the different body water compartments is such that a smaller fraction is derived from the vascular space in females, or that the longer exercise time in the female subjects allowed a greater recovery of plasma volume from other body water spaces before drink ingestion. Additionally, females have a greater fat to lean body mass ratio than men, and the body water content, expressed as a fraction of body mass, is therefore normally less in women than in men. A 2% reduction in body mass consequently represents a greater relative water deficit for women than it does for men.
The cyclical neuroendocrine variations that occur over the normal menstrual cycle have a number of effects in women.' Water retention and associated body mass increases in relation to the luteal phase of the menstrual cycle are widely reported.'6 '7 The retention of water and accompanying electrolytes may be in part due to the effects of oestrogens,'8 but it is also possible that increased vasopressin secretion at this time'9 contributes to the fluid retention. An increased storage of muscle glycogen in the mid-luteal phase even in individuals consuming their normal diet20 has been reported to occur, and this will have the effect of retaining more water: every gram of glycogen is stored with 2-4 g of water.2 ' 22 In the present study body mass was recorded only on experimental days and showed no evidence of differences at different menstrual cycle stages, suggesting that there was no luteal fluid retention in these subjects.
Core temperature is increased in the luteal phase of the menstrual cycle. 23 24 Several studies have reported that the onset of sweating occurs at a higher core temperature during this phase of the menstrual cycle compared to the follicular phase in women with a normal menstrual cycle.25-30 Conversely, Sargent and Weinman3' reported no differences throughout the menstrual cycle in eccrine sweat gland activity (in response to sweating provoked either by sudorific drug administeredintracutaneous acetyl-,3-methylcholine -or by heat exposure) in terms of the latent period of reflex sweating, sweat rate, the number of active sweat glands and the gland flow. No measurements of body temperature were made on individuals in the present study, but the sweat rate during exercise did not differ at the different menstrual stages investigated. The time to the onset of sweat secretion was not monitored, as all subjects began to sweat during the 10 minute warm water immersion before exercise. Circadian fluctuations in body temperature,29 with mean core temperature being approximately 0.40C lower in the early morning than in the mid-afternoon, require that for trials to be comparable, and to allow menstrual cycle stage comparisons rather than diurnal fluctuations, all trials should begin at approximately the same time of day: in the present study all trials began in the midafternoon. Trials took place on the same day of the week and individuals had followed the same activity pattern on the preceding day and day of the experiment.
In conclusion, the results of our investigation suggest that acute restoration of fluid balance after exercise induced hypohydration is unaffected by the normal menstrual cycle in healthy untrained eumenorrheic young women.
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